Diverse shell structures can endow microcapsules (MCs) with a variety of properties. In this study, four kinds of MCs encapsulated with epoxy phenolic novolac resin (EPN) were obtained using diamines as crosslinkers. The FTIR and CLSM confirmed that the EPN-shell was successfully synthesized. SEM results suggested that all four of the MCs possessed smooth and imporous surfaces, and they displayed uniform size distribution, with the average size ranging from 11.2 to 14.8 mm. Specifically, the MCs synthesized with the crosslinkers of hexamethylene diamine (HAD) and isophorone diamine (IPDA) were more stable and could maintain their spherical shapes in a dry environment, while those synthesized with ethylene diamine (EDA) and triethylene tetramine (TETA) exhibited poorer thermal stabilities and faster release profiles. Lipophilic diamines can form thicker shell thickness, and have smaller d-space values and higher Young's modulus values.
Introduction
Polymeric microcapsules (MCs) have received growing interest worldwide due to their tunable physicochemical properties and attractive applications and have been widely utilized as drug delivery carriers, microreactors, and encapsulated vectors.
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When applied in specic applications, smart MCs that can meet controllable demands are highly desired. 5, 6 Furthermore, the microstructure of the capsule shell is the key element that determines the physicochemical properties of the MCs and can be managed by varying the wall-forming materials and operating parameters. [7] [8] [9] [10] For example, MCs fabricated with different polymeric shell materials not only inuence the characteristics of their payload cargoes but also affect the UV-resistance ability, permeability, thermal stability and bioactivity of MCs. 11, 12 In addition, some work has also shown that the so segment length, as well as crosslinker type, can bring obvious diversity to the particle size distribution, morphology, loading content and the release behavior of MCs. [13] [14] [15] Therefore, to design and apply microencapsulation techniques more precisely, it is necessary to investigate the effect of coating materials on the structures and properties of the synthesized capsule shell.
Epoxy resins are one of the most versatile classes of polymeric materials that contain two or more epoxy groups in one molecular. 16 Currently, epoxy resins play an indispensable role in various elds, such as coatings, aerospace, adhesives, paints, and engineering plastics. [17] [18] [19] Up to now, there were few literatures relevant to the fabrication of microcapsules/microspheres using epoxy resins as shells. [20] [21] [22] Recently, we synthesized MCs with porous surface using epoxy resin and demonstrated that epoxy resin based MCs prepared with a high epoxy value tended to yield a higher crosslinking degree, less porosity and a better thermal stability.
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Epoxy resins are reactive monomers and can chemically react with numerous crosslinkers (including imidazoles, diamines, carboxylic acids and polyamides) to form polymeric epoxy systems with a wide range of physicochemical properties, such as excellent chemical resistance and superb mechanical properties. 16, [23] [24] [25] Among these crosslinker families, diamines are the most widely used agents owing to their wide availability, low cost and fast reaction. Previous work has shown that when aromatic polyamine was used as crosslinking agent, reaction temperature could control the pore size and porosity of the MCs and thus regulate the release of the core materials. 26 Nonetheless, to the best of our knowledge, the inuence of the diamine structure on the microstructure of the MCs has not been comprehensively investigated to date.
In the present study, four types of MCs were prepared using epoxy phenolic novolac resin (EPN) as wall-forming material, and four diamines were used as crosslinkers, including ethylene diamine (EDA), hexamethylene diamine (HAD), isophorone diamine (IPDA) and triethylene tetramine (TETA), owing to their high reactivity, low viscosity, wide availability and low cost. The oil-soluble N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine (Nd) was chosen as a model payload due to its autouorescence. The surface morphology, particle size, entrapment efficiency and mechanical property of the as-synthesized MCs, as well as the crosslinking degree and thickness of the shells, were characterized elaborately. This study would provide insight on the properties of MCs, which are affected by the structure of the diamine crosslinkers. Additionally, these ndings can be an important reference for the precise design and development of MC system.
Materials and methods

Materials
Epoxy phenolic novolac resin (EPN) was obtained from the Shanghai Resin Plant, China. The resin has an epoxy functionality of 0.44 mol per 100 g of resin. Ethylene diamine (EDA, purity $ 96.5%), hexamethylene diamine (HAD, purity 98%), isophorone diamine (IPDA, purity $ 99%) and triethylene tetramine (TETA, purity $ 98%) were purchased from SigmaAldrich Chemical Co. N-(1-Ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine (Nd, purity 99%) was purchased from Sigma-Aldrich Chemical Co. Polyoxyethylene sorbitan monooleate (Tween-80) was used as an emulsier and purchased from Sigma-Aldrich Chemical Co. All reagents were of analytical grade and used without further purication. Deionized water was used throughout all the experiments. Fig. 1 shows the chemical structures of main materials used.
Preparation of MCs
The Nd-loaded EDA-MCs were prepared via an interfacial emulsion polymerization technique following a previous publication. 26 Briey, Nd and EPN were dissolved in xylene by vigorous agitation to produce a uniform oil phase, while Tween-80 (1.5 wt%) was dissolved in deionized water to obtain the aqueous phase. The oil phase was mixed with the aqueous phase and homogenized at 8000 rpm for 100 s at room temperature to form a stable oil-in-water (O/W) emulsion. Then, the emulsion was placed in a three-neck round-bottom ask equipped with a water thermostat bath and mechanical stirrer. Subsequently, an EDA solution (5 wt%) was added dropwise into the emulsion at a stirring rate of 300 rpm. The system was heated to 75 C and allowed to react for 5 h with continuous stirring at 300 rpm. MC particles were separated by centrifugation and washed three times with deionized water and then dried in a vacuum oven at 40 C for 72 h. The preparation procedures of HAD-MCs, TETA-MCs and IPDA-MCs were similar to that of EDA-MCs, except for changing the type of diamine.
Characterization of MCs
The surface morphologies of the four types of MCs and MC shells in water and dry were observed on a scanning electron microscopy (SEM, Hitachi S4800, Tokyo, Japan) at an accelerating voltage of 3 kV and confocal laser scanning microscopy (CLSM, LSM880 Airyscan, Zeiss, Germany), respectively. The particle sizes and size distributions of the MCs were measured by a laser particle size analyzer (Mastersizer 2000, Malvern, UK).
The chemical structures were analyzed using a Fourier transform infrared (FTIR) spectrometer (Nicolet 6700, Madison, Wisconsin).
Thermal stabilities of the MCs were determined by a SDT-Q600 thermogravimetric analysis (TGA, TA Instruments-Waters LLC, USA) at a heating rate of 10 C min À1 from 25 to 700 C.
The crystallinities of the MC shells were performed on an Xray diffractometer (XRD, Discover 8, Bruker, Germany).
The mechanical properties of the single MC was determined using an atomic force microscopy (AFM) with a ScanAsyst-air probe (Bruker, Germany) at 25 C.
The contact angles of the diamine solutions were determined using a static optical contact angle goniometer (JC2000C2, Shanghai Zhongchen Digital Technology Apparatus Co., Ltd., China). 27 Briey, one droplet of the diamine solution was slowly deposited on glass slide and photographed to analyze the values by the cross method.
Entrapment efficiency and drug loading content of MCs
The measurement for the entrapment efficiencies of the MCs was following a method by adapting Yang et al. 28 MC suspensions were accurately weighed and then transferred to a glass bottle. Subsequently, hexane (50 mL) was added and placed the bottle onto a rotary shaker at 70 rpm for 15 min to dissolve the Nd that was outside the MCs. Aer that, the upper hexane layer, which contained the unencapsulated Nd, was measured by a high-performance liquid chromatography (HPLC). The total amount of Nd in MC suspensions was determined aer the MCs were disrupted with ultrasound.
The Nd loading contents were measured by disruption of the MCs. 29 Briey, the dried MC samples were accurately weighed and dissolved in methanol (100 mL) and then sonicated for 60 min to break the MCs. Subsequently, the mixture was centrifuged and ltered to produce a clear solution for HPLC analysis. The HPLC system (Agilent 1200; Agilent Technologies; Santa Clara, CA) was equipped with an ultraviolet detector. The chromatographic separation was carried out with a Diamonsil C18 column (250 mm Â 4.6 mm i.d., 5 mm). The mobile phase was mixed with methanol/water (90 : 10, v/v) at a ow rate of 1 mL min
À1
, and the column temperature was maintained at 30 C.
The injection volume was 20 mL, and the UV detector was set at a wavelength of 238 nm. The entrapment efficiency and drug loading content were calculated using the following equation: 
Release behavior of MCs
The release behavior of the four as-prepared MCs was investigated by adapting a previously reported method. 30 The mixture of hexane-ethyl alcohol solvents (160 : 20, v/v) was used as release medium owing to their excellent dissolving capacity for lipophilic Nd and shortening the trial period. Briey, the dried MC samples were accurately weighed and added in 100 mL of hexane-ethyl alcohol solvents and then transferred to a rotary shaker at 70 rpm and 30 C. Subsequently, 0.5 mL of the liquid was collected at predetermined intervals from the above system and simultaneously added into the same volume of hexaneethyl alcohol solvents. The liquid was ltered with a 0.22 mm lter to form a clear solution for HPLC analysis aerward. The cumulative release proportion was calculated using the following equation: cumulative release proportion (%) ¼ C t /C 0 Â 100, where C 0 and C t are the content of Nd in the dried MC samples and in the release medium at time t, respectively.
Results and discussion
Preparation and characterization of MCs
Four types of EPN-MCs were successfully fabricated via the interfacial polymerization technique, and the synthesis schematic of the EDA-MCs was showed in Fig. 2 , which was as a representative to illustrate the encapsulating mechanism. The stable Nd oil-in-water emulsion was rst obtained using Tween-80 as emulsier at room temperature. Subsequently, the EDA solution was added into the mixture with a stirring rate of 300 rpm. With increasing temperature up to 75 C, the polyaddition reaction between EPN and diamine occurred and the high-crosslinked shells was formed on the surface of oil droplets. This reaction was complex and multiple, and the polymerization mechanism of epoxy groups and diamines were depicted in Fig. 2 . Finally, the core-shell MCs emerged with highly cured shells aer continued 5 h.
FTIR spectroscopy was conducted to analyze the chemical structure of the MCs. The FTIR spectra of the four samples were similar, as they have the same functional groups. The infrared spectrum of HAD-MCs is shown in Fig. 3 (nitro groups stretching and C-N stretching, respectively).
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Additionally, no new peaks were observed in the spectrum of the HAD-MCs. These results indicate that Nd was successfully encapsulated and no reaction between Nd and EPN occurred. CLSM was used to observe the morphology and dispersibility of the resulting MCs in water. As shown in Fig. 4 , Nd-loaded MCs exhibit intense green uorescence owing to the autouorescence of Nd. All four kinds of MCs had spherical shapes and excellent monodispersities without bulk aggregation in water. There were no uorescent particles observed outside the MCs, suggesting that the vast majority of the payload were successfully encapsulated in the intracapsular cavity. Additionally, they also exhibit uniform size distribution with mean sizes in the range of approximately 11.2-14.8 mm, indicating that diamine structure has no obvious effect on the MC size. This may because that once the diamine monomer was added, the fast polyaddition reaction of wall-forming could trigger and achieve an effective pack for the oil droplets, leading to an integrated conned core-shell structure. Fig. 5 shows the entrapment efficiencies and loading contents of the four MCs. The encapsulation efficiencies of all samples were above 94% and they were slightly elevated in the order of EDA-MCs (94.4%), TETA-MCs (95.2%), HAD-MCs (96.7%), and IPDA-MCs (97.8%), which was in accordance with the CLSM results (Fig. 4) , indicating that the oily core was effectively encapsulated in the EPN-shells. Moreover, the loading contents were 53.9-55.8% without considerable variation for the different samples. The cargo-loaded MCs with high entrapment efficiency and drug loading content were highly desired in the practical application.
29 Based on the above results, it can be concluded that epoxy resins are promising candidates to fabricate core-shell MCs for encapsulating oily cargoes.
Morphologies and distributions aer drying
The surface morphologies of as-prepared MCs in a dry state were observed by CLSM and SEM (Fig. 6 ). These four types of MCs exhibited various morphologies aer air-drying (Fig. 6B) . The EDA-MCs and TETA-MCs were balloon-like and adhered to each other with bulk agglomeration, some MCs even exhibited wrinkled surface with slight leakage of the loaded drug aer air-drying ( Fig. 6B1 and B2 ). CLSM images also showed similar agglomeration for both samples (Fig. 6A1 and A2) , which was accordant with the SEM results. Furthermore, EDA-MCs seriously collapsed, with part of the core leaking (Fig. 6C1) . Simultaneously, TETA-MCs presented visible wrinkling and collapsing (Fig. 6C2 ) aer prolonged exposed to air, which suggested they burst quickly in dry conditions. In contrast, HAD-MCs and IPDA-MCs were spherically shape that some small dimples existed on their dense and smooth surface (Fig. 6B3 and B4 ) aer air-drying. CLSM images also showed that the MCs separated with each other without agglomeration and showed relatively weak uorescence intensity ( Fig. 6A3 and A4) . Moreover, HAD-MCs and IPDA-MCs kept their structural integrity and scarcely encapsulated cargoes escaped from MCs cavity, even aer air-drying for 12 h (Fig. 6C3 and C4) . Therefore, the diamines can bring a variety of widely morphologies and shape change to the as-synthesized MCs. The various appearances of the MCs are due to the change in shell structure. Aerwards, the structural characteristics of the capsule shells and the mechanism inuenced by the diamine structure was studied.
Thermal stabilities and release properties
The thermal stabilities of the as-prepared MC samples were determined by TGA, as shown in Fig. 7A . The weight loss before 130 C is probably due to the evaporation of water adsorbed in the MCs, and that of between 130 and 280 C can be ascribed to the decomposition and evaporation of solvent and Nd. 33 The .6% and 92.6% aer 6 h, respectively, while the cumulative release of HAD-MCs and IPDAMCs merely reached 50.8% and 33.2% aer 10 h, then they increased slowly at a longer period. The controlled release behavior of the MCs is crucial to application, which is highly dependent on the microstructure of the MC shells. 5, 12 In this study, the hexane/ ethyl alcohol mixture was used as a model to characterize the different release proles of MCs affected by the diamine types. When applied in specic applications, the inuences of external stimuli conditions (such as pH, light, temperature) could be included according to the practical environment. The results of this study conrm that the release rate of EPN-MCs is easily tunable by choosing the appropriate diamine agent, which is benecial to meet different requirements. Previously, we have successfully fabricated EPN-MCs loaded pendimethalin, and demonstrated that such MCs could achieve tunable release behavior and herbicidal activity by adjusting the epoxy value, which indicated the potential application of EPN-MCs in agriculture. 22 Such polymeric MCs were suitable to encapsulate the hydrophobic cargoes, and thus have broad utility in agriculture and medicine, etc.
Contact angles of the diamine solutions
The above-mentioned results suggested that the MCs prepared with different diamine agents exhibited a quite visible diversity in morphology, thermal stability and release behavior. The structure of four diamines is a key factor in such differences. Fig. 8 shows the contact angles of the four diamine solutions at be seen that the interfacial properties of the four diamine solutions are signicantly different. The hydrophilic-lipophilic capacity differences of the diamine agents may contribute to the diverse interfacial properties. IPDA possess a hexatomic ring, which leads to the greatest lipophilicity; the remaining three are linear chain diamines, and their lipophilicity was enhanced with an increase in chain length. Laguerre and co-workers demonstrated that alkyl esters with longer chain length resulted in their lower level in the water phase, 34 which was in accordance with our ndings. In this study, the reaction of the diamine with EPN formed a shell via interfacial polymerization, lipophilic diamines are more likely to penetrate the oil droplets through the oil-water interface and react more fully with EPN, which may further affect the crosslinking degree, compactness and thickness of MC shells.
Thickness, crystallinity and mechanical property of MC shells
MC shells obtained by removing the core of the MCs were observed by SEM to characterize their morphology and thickness. As depicted in Fig. 9A , the shells were irregular shapes, owing to the removal of the loaded core. Among them, the EDA-MC and the TETA-MC shells displayed a strongly corrugated shrinking shapes, with some weak shell fragments (Fig. 9A1 and  A2 ). The shells became progressively more rigid and undeformed morphologies for HAD-MC and IPDA-MC samples ( Fig. 9A3 and A4) , suggesting an enhancement of shell rigidity. The fold is formed by stacking two layers of shells. Based on this, the thickness of the capsule shell was calculated. The shell thickness of EDA-MCs was the thinnest, with an average of 65 nm, while the IPDA-MC had thickest shell, which was approximately 158 nm (Fig. 9D) . The TETA-MC and HAD-MC were 84 and 138 nm, respectively. Previous report demonstrated that the thicker MC shell reduced the threat for aquatic organisms due to the poor permeability and leaking of encapsulated core, 35 which is in accordance with our results. The crystallinity of the cured shells was also examined by XRD. All four shell systems exhibited broad diffraction peaks at a 2q angle range of 17.5-21
( Fig. 9C ), indicating that they were amorphous. 36 Moreover, the most intense peak was the IPDAshell, and the peak intensity declined in the order of HADshell, TETA-shell and EDA-shell. The XRD results revealed the crosslinking degree of shell systems, which was adjusted by the structure of diamine agents. The crosslinking degree of shells fabricated with IPDA or HAD were higher owing to their high lipophilicity, leading to more rigid shell systems. Additionally, calculated from the location of peaks, the average d-space of the IPDA-, HAD-, TETA-, and EDA-shell were 3.38, 3.83, 4.37 and 4.53Å, respectively, indicating that the former systems were more densely compacted.
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The mechanical properties of the obtained MC shells were also investigated by atomic force microscopy (AFM, Fig. 9B ), and the value of Young's modulus for the MC shells were summarized (Fig. 9D) . Overall, the MC shells are soer than previously reported polyurethane or urea-formaldehyde MCs, which is shown by their higher modulus.
38,39 The Young's modulus represents the stiffness of materials and is used to describe their elastic deformation. 40 In this study, the index is strongly linked to the thickness of MC shell. The average Young's modulus of shell for the EDA-MC, TETA-MC, HAD-MC and IPDA-MC were 7.06, 20.2, 77.3 and 83.8 MPa, respectively. Based on above observations, it can be found that the thickness, crosslinking degree and mechanical strength of the capsule shells are closely correlated with the structures of diamines. The diamine crosslinker contained hexatomic ring (IPDA) or long chain length (HAD) is more hydrophobic, which is more likely to contact with oil phase, further accelerating the polymerization reaction. Therefore, the diamines with higher lipophilicity increased the thickness, stiffness and compactness of the MC shells, and further prevented the core from leaking. In addition, the multiformity of reactivity degree of diamines may produce differences in hydroxyl functionalities on the surface of capsule shells, which can further inuence the hydrophilicity/ hydrophobicity of the obtained MCs. In the present work, we only focused on the effects of diamine types on the main structures and controlled release functions of as-prepared microcapsules, the effects of diamine types on hydrophilicity/ hydrophobicity of entire MCs need for further investigated.
Combination of different MCs for programmed sequential release
Given the complexity of practical applications, the MCs with single release behavior probably cannot suit specic environments; and it is a convenient and versatile approach to achieve tunable release property of MCs by mixing various MCs that contain single release characteristics. Based on this, the fastrelease (EDA-MCs or TETA-MCs) and sustained-release MCs (HAD-MCs or IPDA-MCs) were mixed, and their release properties were measured. As shown in Fig. 10 , the cumulative release of the hybrid samples that contained EDA-MCs and HAD-MCs reached 67.3% aer 10 h, and then the payload sustained slow release for a prolonged exposure duration. The mixture of TETA-MCs and HAD-MCs also displayed similar results, in which the cumulative release reached 56.4% and 74.5% aer 10 and 35 h, respectively. The release characterizations of the mixed MCs were diverse compared to that of the single MCs. Thus, a tank mix with two or more single releases of MCs will provide more exibility and a convenient strategy to balance the initial and persistent release. 41 Even, multiple preparations with different release properties can be mixed to meet the needs of practical applications. Similarly, a previous study reported that MCs loaded with an oily core containing both free drug molecules and drug-loaded poly(lactic-co-glycolic acid) nanoparticles could achieve programmed sequential drug release. 42 Our results suggested that the release rate of MCs could be controlled by adjusting diamine type, which was benecial for controlling payload release to meet different requirements. However, we only chose one feed ratio to verify the hypothesis of hybrid application, and whether they would display new release behavior in other feed ratios or specic conditions, needs to be further examined.
Conclusions
Four kinds of EPN-MCs with different diamine crosslinkers were prepared through an interfacial emulsion polymerization technique. All four MCs had uniform size distributions, high entrapment efficiencies (more than 90%) and loading contents (48-52%). Specically, high lipophilic diamine agents (HAD and IPDA) enabled to form higher crosslinking degree and thicker of shells, and further led to excellent thermal stabilities, mechanical properties and more sustained release of as-synthesized MCs. Comparably, MCs prepared with poor lipophilic diamine agents (EDA and TETA) were more deformation and burst due to their thin shells and poor mechanical strength. Therefore, the structure of the diamine led to visible differences in the obtained MCs. Based on this, a exible and versatile strategy was developed to achieve controllable sequential drug release by mixing different types of MCs. This study provides a comprehensive investigation on the physicochemical properties of EPN-MCs prepared with different diamines crosslinkers. Such MC systems can be extended to a broad range of other applications in drug delivery, biosensing and phase change materials.
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